Intestinal immune homeostasis depends on a tightly regulated cross talk between commensal bacteria, mucosal immune cells and intestinal epithelial cells (IECs) [1] [2] [3] [4] . Epithelial barrier disruption is considered to be a potential cause of inflammatory bowel disease; however, the mechanisms regulating intestinal epithelial integrity are poorly understood 1, 5 . Here we show that mice with IEC-specific knockout of FADD (FADD IEC-KO ), an adaptor protein required for death-receptor-induced apoptosis 6 , spontaneously developed epithelial cell necrosis, loss of Paneth cells, enteritis and severe erosive colitis. Genetic deficiency in RIP3, a critical regulator of programmed necrosis [7] [8] [9] , prevented the development of spontaneous pathology in both the small intestine and colon of FADD IEC-KO , showing that different mechanisms mediated death of colonic epithelial cells in these two models. In FADD IEC-KO mice, TNF deficiency ameliorated colon inflammation, whereas MYD88 deficiency and also elimination of the microbiota prevented colon inflammation, indicating that bacteria-mediated Toll-like-receptor signalling drives colitis by inducing the expression of TNF and other cytokines. However, neither CYLD, TNF or MYD88 deficiency nor elimination of the microbiota could prevent Paneth cell loss and enteritis in FADD IEC-KO mice, showing that different mechanisms drive RIP3-dependent necrosis of FADD-deficient IECs in the small and large bowel. Therefore, by inhibiting RIP3-mediated IEC necrosis, FADD preserves epithelial barrier integrity and antibacterial defence, maintains homeostasis and prevents chronic intestinal inflammation. Collectively, these results show that mechanisms preventing RIP3-mediated epithelial cell death are critical for the maintenance of intestinal homeostasis and indicate that programmed necrosis of IECs might be implicated in the pathogenesis of inflammatory bowel disease, in which Paneth cell and barrier defects are thought to contribute to intestinal inflammation.
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To study the role of FADD in the intestinal epithelium we crossed mice carrying loxP-flanked Fadd alleles (FADD FL ) with villin-Cre transgenics (Fig. 1a, b) . FADD IEC-KO mice were born normally but developed a spontaneous phenotype resulting in the death of about 50% of these animals before weaning. Surviving FADD IEC-KO mice showed reduced body weight and diarrhoea, indicating that they suffered from intestinal disease. High-resolution mini-endoscopy revealed mucosal thickening, ulceration and altered vascularisation in the colon of FADD IEC-KO mice (Fig. 1c) . Macroscopically, colons from FADD IEC-KO mice were shorter and thicker compared to controls (Fig. 1d) . Histological analysis of colon sections from 10-week-old FADD IEC-KO mice revealed severe transmural inflammation affecting the entire colon with large areas of epithelial erosion accompanied by crypt abscesses (Fig. 1e, f) Supplementary Fig. 2 ). In some cases, dysplastic crypts were detected in colons from 10-week-old FADD IEC-KO mice, indicating that the chronic inflammatory and regenerative lesions occasionally resulted in epithelial dysplasia (data not shown).
Histological analysis of colon sections from FADD IEC-KO mice revealed increased death of crypt epithelial cells in 2-to 3-week-old mice (Fig. 1e) , indicating that epithelial cell death occurs early on during lesion development. Consistent with the well-established role of FADD as a mediator of apoptosis 6, 12, 13 , many of the dead cells observed in crypt abscesses and early dying cells in the crypt epithelium did not stain with antibodies recognizing active caspase 3 ( Fig. 2a) , indicating that these cells did not die by apoptosis. Electron microscopy revealed epithelial cells showing signs of cellular necrosis such as disruption of the plasma membrane, swollen organelles, lack of chromatic condensation in the nucleus and a cytoplasm with lower electron density ( Fig. 2b and Supplementary Fig. 3 ), indicating that FADD-deficient IECs mainly undergo necrotic cell death. Caspase inhibition and lack of FADD or caspase 8 were previously shown to sensitize certain cell types to a particular type of necrotic death, termed programmed necrosis or necroptosis, which is induced by death receptors such as TNFR1 and requires the kinases RIP1 and RIP3 (refs 7-9, 14-16). We therefore reasoned that programmed necrosis of FADD-deficient IECs could be a critical early event triggering colitis in FADD IEC-KO mice. Primary IECs lacking FADD expressed increased levels of RIP3, an essential mediator of programmed necrosis [7] [8] [9] 14, 17 , indicating that FADD deficiency might sensitize colonic epithelial cells to RIP3-dependent necrosis (Fig. 2c,  d 
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2/2 mice showed a normal histology without signs of epithelial cell death or inflammation (Fig. 2e) , demonstrating that RIP3 is essential for the spontaneous death of epithelial cells and the development of colitis in FADD IEC-KO mice. The deubiquitinating enzyme CYLD was identified as an important mediator of TNFR1-induced necrosis, presumably acting by deubiquitinating RIP1 to facilitate the formation of the RIP1/RIP3-containing 'necrosome' complex 10, 14 . To assess whether CYLD catalytic activity was required for spontaneous programmed necrosis of FADDdeficient IECs, we crossed FADD IEC-KO mice with mice carrying conditional CYLDD932 FL alleles, which upon Cre recombination produce truncated CYLDD932 protein lacking the last 20 amino acids that are essential for its deubiquitinase activity 19 ( Supplementary Fig. 4a ). Mouse embryonic fibroblasts (MEFs) homozygously expressing LETTER RESEARCH truncated CYLDD932 were protected from TNF-induced death in the presence of the pan-caspase inhibitor zVAD-fmk, demonstrating that CYLD deubiquitinase activity is important for necroptosis (Supplementary Fig. 4d ). FADD IEC-KO /CYLDD932 IEC mice, which lack FADD and at the same time express catalytically inactive CYLDD932 specifically in IECs ( Supplementary Fig. 4b, c) , did not show any macroscopic signs of disease such as reduced weight or diarrhoea. In addition, endoscopic (Fig. 2f ) and histological analysis (Fig. 2g) Fig. 5 ). Therefore, inhibition of CYLD catalytic activity prevented epithelial cell death and colitis development in FADD IEC-KO but not in NEMO IEC-KO mice, indicating that the IECs in these two models die by different mechanisms.
TNF is a potent inducer of necroptosis and has an important pathogenic role in the development of intestinal inflammation in both humans and animal models 21, 22 . We therefore crossed FADD IEC-KO mice with TNF-deficient mice to investigate whether TNF is implicated in colitis development in this model. Endoscopic and histological analysis of FADD IEC-KO /Tnf 2/2 mice showed areas of mild focal epithelial lesions in the colonic mucosa characterized by crypt elongation and the presence of inflammatory infiltrates (Fig. 2h, i) . However, endoscopic and histological inflammation scores in FADD IEC-KO / Tnf 2/2 mice were significantly lower compared to FADD IEC-KO animals, showing that TNF deficiency strongly ameliorated but could not completely prevent colon inflammation. Thus, TNF has an important role but TNF-independent mechanisms also contribute to the pathogenesis of colitis in FADD IEC-KO mice. Epithelial cell death could trigger colitis by disrupting the epithelial barrier thus allowing commensal bacteria to invade the mucosa, where they could induce inflammation by activating Toll-like-receptor (TLR) signalling on mucosal immune cells. To address the potential role of TLR signalling in colitis development, we crossed FADD IEC-KO mice with mice lacking MYD88, an essential adaptor molecule for signalling downstream of most TLRs. FADD
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2/2 mice did not show macroscopic, endoscopic or histological signs of colon inflammation (Fig. 3a, b) demonstrating that MYD88-dependent signalling is essential for colitis development and suggesting that inflammation could be driven by commensal bacteria. Indeed, treatment with broad-spectrum antibiotics strongly attenuated colon inflammation in FADD IEC-KO mice ( Supplementary Fig. 6 ). Furthermore, FADD IEC-KO mice raised in germ-free conditions did not show any endoscopic or histological signs of colon inflammation (Fig. 3c, d ). When young adult germ-free FADD IEC-KO mice were conventionalized by exposure to the microbiota of SPF mice they rapidly developed severe intestinal disease leading to the death of 4 out of 12 animals within 7 days (Supplementary Table 1 ). Endoscopic and histological analysis of colons from conventionalized FADD IEC-KO mice 7 days after co-housing revealed severe colitis with mucosal thickening, epithelial erosion and transmural inflammation (Fig. 3c, d) . Collectively, these results show that commensal bacteria induce colitis in FADD IEC-KO mice by activating MYD88-dependent TLR signalling. Although the cellular targets of bacteria-induced TLR signalling in this model remain unclear at present, it is likely that the microbiota induces colitis development by activating the expression of TNF and other proinflammatory cytokines in mucosal immune cells. Indeed, conventionalization induced increased expression of TNF, IL-1b and IL-6 in the colons of both control FADD FL and FADD IEC-KO mice (Fig. 3e) , supporting the notion that bacteria trigger colitis by inducing cytokine expression in the colonic mucosa.
In addition to colitis, FADD IEC-KO mice also developed enteritis characterized by altered intestinal architecture with blunted and fused villi, mucosal oedema and increased cellularity of the lamina propria (Fig. 4a) . Consistent with inflammatory changes, increased numbers of granulocytes and increased epithelial cell proliferation were detected in the small intestine of FADD IEC-KO mice ( Supplementary Fig. 7 ). In addition, small intestinal crypts in FADD IEC-KO mice contained strongly reduced numbers of Paneth cells, as identified by their characteristic morphology with a large cytoplasm filled with eosinophilic granules (Fig. 4a) . Immunostaining for lysozyme, an early marker of Paneth cells, confirmed the strongly reduced Paneth cell numbers in FADD IEC-KO mice (Fig. 4b) 
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including lysozyme (Lyz1), a-defensin 20 (Defa20), a-defensin-related sequence 1 (Defa-rs1) and angiogenin 4 (Ang4) in the ileum of FADD IEC-KO mice (Fig. 4c) . Increased numbers of dying epithelial cells that did not stain with antibodies recognizing active caspase 3 were detected in small intestinal crypts from FADD IEC-KO mice (Supplementary Fig. 8 ), suggesting that caspase-independent death of FADD-deficient IECs could contribute to the development of enteritis. Indeed, RIP3 deficiency prevented epithelial cell death, Paneth cell loss and enteritis in FADD IEC-KO mice (Fig. 4 and Supplementary Fig. 8 ), demonstrating that, similarly to the colitis, the small intestinal lesions are caused by RIP3-dependent programmed necrosis of FADDdeficient IECs. However, in contrast to our findings in the colon, neither the absence of the microbiota nor genetic deficiency in MYD88, TNF or CYLD could prevent Paneth cell loss and enteritis in FADD IEC-KO mice (Fig. 4 and Supplementary Figs 7-9 ). These results indicate that different, perhaps cell-intrinsic mechanisms induce RIP3-dependent programmed necrosis of small intestinal IECs. Interestingly, mice with epithelial-specific ablation of the transcription factor XBP1, a critical regulator of the endoplasmic reticulum stress response, developed spontaneous enteritis and Paneth cell loss 23 , and mutations affecting autophagy also caused Paneth cell abnormalities 24 . These findings indicated that owing to their highly secretory activity Paneth cells are particularly sensitive to endoplasmic reticulum stress and autophagy defects 1 . Although the mechanisms inducing RIP3-dependent necrosis of small intestinal IECs in FADD IEC-KO mice remain unclear at present, it is tempting to speculate that pathways linked to endoplasmic reticulum stress or autophagy might be implicated in triggering programmed necrosis of epithelial cells, Paneth cell loss and enteritis in these animals. Paneth cell loss might also be important for the development of colitis in FADD IEC-KO mice, as reduced expression of Panethcell-derived antimicrobial factors could induce alterations in the microbiota, which might contribute to the bacteria-driven mechanisms triggering programmed necrosis of colonic epithelial cells and inflammation.
Our in vivo genetic mouse model studies indicate that mechanisms regulating programmed necrosis in IECs might be relevant for the pathogenesis of chronic intestinal inflammation in humans. Paneth cell defects leading to impaired antimicrobial peptide expression have been suggested to contribute to the pathogenesis of inflammatory bowel disease 1 . Interestingly, epithelial patchy necrosis has been detected in the colon of Crohn's disease patients, indicating that necrotic death of IECs might be implicated in human colon inflammation 25 . In this context, the potential capacity of enteropathogenic bacteria or viruses to induce TNF expression in the intestinal mucosa and at the same time to modulate epithelial responses to TNF signalling, for example by expressing inhibitors of apoptosis or programmed necrosis 17 , might be critical for triggering acute episodes of intestinal inflammation or precipitating chronic inflammatory bowel disease in genetically susceptible individuals. Moreover, our results indicate that anti-TNF therapy, shown to be highly effective in a subset of inflammatory bowel disease patients 22 , might in part function by preventing TNF-mediated necrosis of epithelial cells. Taken together, our findings revealed a previously unrecognized essential physiological function of FADD in protecting epithelial cells from RIP3-dependent necrosis and preventing intestinal inflammation in vivo. This function of FADD seems to be cell specific, as conditional FADD ablation did not sensitize hepatocytes 26 or oligodendrocytes 27 to spontaneous programmed necrosis but on the contrary protected these cells from TNF-or autoimmuneinflammation-induced cytotoxicity, respectively. In addition to recent studies showing that regulation of RIP-kinase-mediated necrosis is important for embryonic development [28] [29] [30] , our findings provide a paradigm demonstrating that sensitization of epithelial cells to programmed necrosis triggers chronic inflammation in vivo, highlighting the significance of the mechanisms regulating programmed necrosis for the maintenance of physiological immune homeostasis and the prevention of inflammation in epithelial surfaces.
METHODS SUMMARY
Mice were maintained at the SPF animal facility of the Institute for Genetics, University of Cologne. Mice were either generated using gene targeting in C57BL/6 embryonic stem cells (Bruce4) or backcrossed for at least 10 generations 
LETTER RESEARCH
into the C57BL/6 genetic background. Germ-free mice were produced at the gnotobiotic facility of the University of Ulm and were conventionalized as described in detail in Supplementary Table 1 . Endoscopic analysis was performed using a high-resolution mini-endoscope, Coloview (Karl-Storz). IECs were isolated by sequential incubation of intestinal tissue in 1 mM dithiothreitol (DTT) and 1.5 mM EDTA solutions. RNA preparation and RT-PCR analysis, protein extraction and immunoblotting, tissue preparation and immunohistological analysis were performed using standard protocols. Haematoxylin & eosin stained sections were scored in a blinded fashion for the amount of inflammation and tissue damage on separate scales from 0 to 3, which were added to a total score of 0 to 6.
